We propose and demonstrate a spacing switchable dual-wavelength single longitudinal mode thulium-doped fiber laser at 1.9 μm. The fiber laser employs a ring cavity and a segment of 4-m thulium-doped fiber pumped by a 1563 nm laser. A fiber Sagnac loop is used as a comb filter to generate a stable dual-wavelength laser. A multimode interference filter consisting of a single-mode-multimode-single-mode fiber and a rotary fiber squeezer is used to adjust the wavelength spacing. When pump power is fixed at 260 mW, a stable dual-wavelength laser at 1.9 μm is obtained by adjusting the polarization controller in the Sagnac filter, and the wavelength spacing can be tuned from 6.7 to 26.7 nm by adjusting the rotary fiber squeezer in the multimode interference filter. Each wavelength of the dualwavelength laser operates at a single longitudinal mode state, and the maximum linewidth is 7.5 MHz analyzed by a Fabry-Perot scanning interferometer.
Introduction
The multi-wavelength fiber laser has the advantage of the simple structure and high stability. It can be widely used in the fields of optical communication, fiber sensing and optical measurement, et al. Many methods have been adopted to obtain multi-wavelength laser, such as fiber Bragg grating arrays [1] - [3] , fiber comb filter [4] , [5] , stimulated Brillouin scattering [6] - [8] , and spatial mode beating effect [9] - [11] . In the most recent reports, there are also some new methods to obtain multi-wavelength lasers, such as the Brillouin-Raman effect [12] , random distributed feedback [13] , [14] , Germania-doped fiber [15] , and chalcogenide microwires [16] , which have the advantages of wavelength number, narrow linewidth, and mode-locked laser generation.
As an important multi-wavelength laser, the all-fiber dual-wavelength laser has attracted much attention due to its promising application in many optical frontier fields such as microwave photonics, optical communication, and terahertz wave generation [17] - [19] . The reported researches of the dual-wavelength fiber lasers mainly focused on ytterbium-doped fiber (YDF) laser at 1 μm and erbium-doped fiber (EDF) laser at 1.55 μm band [20] - [23] . The gain region of thulium-doped fiber (TDF) can reach over 300 nm from 1.8 μm to 2.1 μm. Because of the high transmitting loss in silica fiber, stimulated Brillouin scattering and other nonlinear effects are less adopted to generate dual-wavelength fiber laser or compress the linewidth of thulium-doped fiber laser (TDFL). The reported 2 μm tunable dual-wavelength fiber lasers mainly used the spatial mode beating filter and the high-birefringence fiber Bragg grating, but the improvements of these lasers are limited by the instability and the high cost [24] , [25] . Thus, tunable dual-wavelength TDFLs have great research value on the tuning range, the stability, the linewidth, and the mode characteristics.
Soltanian et al. have reported the dual-wavelength fiber lasers based on photonic crystal fiber, and they show a wide tuning range at 1.5 μm and good stability at 1.9 μm [19] , [26] . In our previous works, a multi-wavelength TDFL based on multi-mode interference effect was studied, and the tunable multi-wavelength laser at 2 μm was obtained by using stress on the multi-mode fiber [27] . A widely tunable multi-wavelength laser was also reported based on a modified Mach-Zehnder interferometer and a multi-mode interference filter (MMIF), and the tunable dual-wavelength laser was observed by using a hybrid filter. The experimental results show that the MMIF can be used as an effective tunable wavelength selection device and the hybrid filter can increase the tuning range and the wavelength number [28] .
In this paper, we propose and demonstrate a switchable dual-wavelength TDFL. A classic fiber Sagnac loop is used to generate stably dual-wavelength laser at 1.9 μm. A MMIF is used to switch the wavelength spacing of the dual-wavelength laser. Switchable dual-wavelength laser is achieved when pump power fix at 260 mW and the wavelength spacing can be tuned from 6.7 nm to 27.2 nm. The laser modes and the linewidth are measured by a Fabry-Perot interferometer. Experimental results show that each lasing of the dual-wavelength laser operates at a single longitudinal mode state.
Experimental Setup and Operation Principle
The configuration of the switchable ring single longitudinal mode dual-wavelength TDFL is shown in Fig. 1(a) . A segment of single-mode TDF (NUFERN SM-TSF-9/125) is pumped by a 1563 nm fiber laser with the maximum output power of 500 mW. The numerical aperture, the cut-off wavelength, the mode field diameter, and the lengths of the TDFs are 0.15, 1700 ± 100 nm, 10.5 μm, and 4 m, respectively. A polarization insensitive isolator is used to ensure the laser propagating in a single direction. A fiber Sagnac loop serves as a comb filter to generate stable dual-wavelength laser. A MMIF including a segment of multimode (MM) fiber between two singlemode (SM) fibers (SM-MM-SM) and a rotary fiber squeezer (Thorlabs PLC-900) is used to tune the wavelengthspacing of the dual-wavelength laser as shown in Fig. 1(b) . All the fiber components are spliced in a fiber ring cavity by each pigtail. We observed the output spectrum at the 10% port of the 1 × 2 coupler by an optical spectrum analyzer (OSA, Yokogawa AQ6375) with the resolution of 0.05 nm. The modes and the linewidth of the laser are analyzed by a Fabry-Perot scanning interferometer (Thorlabs, SA-200) with the free spectral range (FSR) of 1.5 GHz from 1250 nm to 2000 nm spectral region.
Sagnac filter
The fiber Sagnac loop has been widely used as a comb filter to obtain equal-spacing multiwavelength laser in many previous works. A classical fiber Sagnac loop consists of a 3 dB coupler, a polarization controller (PC), and a segment of polarization maintaining fiber (PMF) as shown in Fig. 1(a) . The incident beam launches into port1 of the 3 dB coupler and is divided into two counter-propagating beams with same intensity. The two beams propagate through the PC and the PMF, respectively, and then, they interfered with the 3 dB coupler. The transmission characteristics at port2 can be expressed in
where θ is the polarization deflection angle of the PC. ϕ = πL n/λ is the phase difference between the fast axis and the slow axis of the PMF, where L is the fiber length of PMF, and n is the effective refractive index difference between the two orthogonal axes. We launch a TDF superfluorescent source into port1 of the 3 dB coupler and the transmission spectrum is shown in Fig. 2 , and then the Sagnac loop comb filter period of 6.7 nm can be seen and the filtering depth can be changed by adjusting the PC state. Fig. 3 shows the four-wavelength laser at 1.9 μm, the wavelength number can be changed by adjusting the PC due to the changing of the filtering depth. When the laser operates with a stable wavelength number, the mode competition can be mitigated by slightly adjusting the pump power and the PC state. The wavelength spacing corresponds to the period of Sagnac filter, so it can be changed by adjusting the parameters of the PMF given by
In the experiment, the values of L is 3.1 m. Thus, we can calculate the value of n about 1.7 × 10 −4 . Fig. 3 . Four-wavelength laser generated by Sagnac filter. 
Tunable multimode interference filter
In the MMIF, both ends of the multi-mode fiber (MMF) are fusion-spliced with single-mode fiber (SMF). Multiple modes are stimulated when beam propagates from incident SMF to MMF and multi-mode interference effect takes place in the MMF. The interfered peak wavelength of the transmission spectrum at the exiting SMF can be expressed as
where D M M F , n M M F , and L M M F are the core diameter, the refractive index and the length of MMF, respectively, and p is positive integer. From (3), one can see that the wavelength spacing of transmission spectrum can be adjusted by choosing different values of D M M F n M M F , and L M M F . In the experiment, we embed the middle segment of MMF into a rotary fiber squeezer as shown in Fig.  1(b) and the effective value of L M M F can be changed when we rotate the fiber squeezer. The core diameter, cladding diameter, and length of MMF are 62.5 μm, 125 μm, and 0.75 m, respectively, and the total insertion loss of the filter is about 3.7 dB. Fig. 4 shows the transmission spectrum of the tunable multimode interference filter. The peak spacing can be tuned from 6 nm to 28 nm due to the change of effective length of MMF by adjusting the fiber squeezer, and the fluctuations of the peak wavelength at each filtering position are all less than 0.7 nm in 30 minutes.
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Results and discussions
In the experiment, the self-start is observed when the pump power reaches single-wavelength laser threshold (165 mW), due to the increasing of the filtering effect and the wavelength number with the pump power. From Fig. 2 and Fig. 4 , the filtering depth of Sagnac filter is deeper than 15 dB which is obviously better than the filtering depth of the MMIF. Thus the threshold of the multi-wavelength laser is mainly determined by the filtering depth of Sagnac filter. We fix the pump power at 260 mW and stable dual-wavelength laser at 1.9 μm can be obtained by carefully adjusting the PC. By rotating the fiber squeezer to change the spacing of MMIF transmission spectrum, the wavelength spacing of the dual-wavelength laser can be switched when the two peaks of MMF transmission spectrum coincide with the Sagnac peaks. The wavelength spacing can be switched from 6.7 nm to 26.7 nm, almost corresponding to the integer times of the Sagnac period, as shown in Fig. 5(a) . The side mode suppression ratio (SMSR) decreases from 53 dB to 46 dB when the spacing is tuned from 6.7 nm to 26.7 nm. The decreasing of the SMSR is influenced by the flatness of the amplified spontaneous emission (ASE) spectrum with the peak gain at 1880 nm. Fig. 5(b) and (c) show examples of the wavelength drift and spectral power density fluctuation with 6.7 nm spacing. The wavelength drift is less than ±0.1 nm and the spectral power density fluctuation is less than ±1.869 dB in 30 minutes. During the tuning process, the wavelength drift is always less than ±0.15 nm around the average wavelength and the spectral power density fluctuation is less than ±1.92 dB around the average spectral power density as shown in table 1. The measured stability is better than our previous work which we only used MMIF to obtain multi-wavelength laser at 1.9 μm [27] . The mode competition can be suppressed between the two lasing because the Sagnac fiber loop is a stably wavelength filter with a deep filtering depth and the broad wavelength space. Therefore, the stability of the wavelength and the power are improved. The wavelength drift and the spectral power density fluctuation are mainly caused by the variety of the transmission spectrum of the MMIF which is sensitive to the external stress and the temperature [29] , [30] . We can deduce that the stability can be further improved by holding the MMIF in a soundproof box. The wavelength number is determined by the pump power and the polarization state of the PC. The wavelength spacing is determined by the rotary angle of the fiber squeezer. The wavelength number and spacing are unchanged each time the laser is tuned on when the pump power, the polarization state of the PC, and the rotary angle of the fiber squeezer are fixed. Actually, it should be noted that the spacing of dual-wavelength is not continuously adjustable. Dual-wavelength is more easily achieved around the peak of Sagnac period. To shorten the switchable step of the dual-wavelength spacing, the Sagnac period needs to be decreased. Thus a segment of PMF with longer length or higher value of n is needed from (2). We launch the output laser into a Fabry-Perot scanning interferometer and the interfered signal is observed by an oscilloscope with 100 MHz bandwidth as shown in Fig. 6 (a) . From Fig. 6 (a) , two lines in each free spectral range (FSR) can be seen. Then, we adjust PC to make sure the output laser operating at single-wavelength, one of the interfered lines disappears and there is only one interfered line in each FSR shown in Fig. 6 (b) . Fig. 6(c) shows a single line of the interfered signal and the linewidth of dual-wavelength laser can be calculated by = t T F SR (4) where t is the full width at half-maximum (FWHM) of the single interfered line (55 μs), and T is the time range of one trigger period (11 ms). The measured linewidth is about 7.5 MHz, which is narrower than the spacing of longitudinal modes (13.6 MHz) of the fiber ring cavity corresponding to the experimental cavity length of 15 m. Thus, we can deduce that each wavelength of dual- wavelength laser operates at a single longitudinal mode state. It should be noted that the real linewidth should be narrower than the measured linewidth of 7.5 MHz because the resolution of Fabry-Perot scanning interferometer is only 7.5 MHz with the fineness of 200.
Conclusion
In conclusion, we have demonstrated a switchable narrow linewidth dual-wavelength TDFL at 1.9 μm. A fiber Sagnac loop is used as a comb filter to generate stably dual-wavelength laser and a MMIF is used to switch the wavelength spacing of dual-wavelength laser. Switchable dualwavelength laser is achieved when pump power fix at 260 mW and the wavelength spacing can be tuned from 6.7 nm to 26.7 nm corresponding to integer times of the Sagnac period. The wavelength drift is always less than ±0.15 nm and the spectral power density fluctuation is less than ±1.92 dB in 30 minutes. The laser linewidth is measured by a Fabry-Perot scanning interferometer and each lasing of the dual-wavelength laser operates at a single longitudinal mode state. Experimental results show that the hybrid filtering structure has the advantage of large tuning range. The stability can be greatly improved by optimizing the operating environment of the MMIF in subsequent research.
